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Introduction {#chem202001365-sec-0001}
============

Extended π‐systems[1](#chem202001365-bib-0001){ref-type="ref"} have versatile physical properties, such as redox, light absorption and emission, and electroconductivity, necessary for solar cells,[2](#chem202001365-bib-0002){ref-type="ref"} organic light‐emitting diodes,[3](#chem202001365-bib-0003){ref-type="ref"} electro‐batteries[4](#chem202001365-bib-0004){ref-type="ref"}, [5](#chem202001365-bib-0005){ref-type="ref"} and so on. There are two kinds of π‐extensions: in‐plane extension, and π--π stacking.[6](#chem202001365-bib-0006){ref-type="ref"} The bottom up synthesis of graphene nano‐ribbons[7](#chem202001365-bib-0007){ref-type="ref"}, [8](#chem202001365-bib-0008){ref-type="ref"} and the construction of porphyrin tapes[9](#chem202001365-bib-0009){ref-type="ref"} are representative examples with in‐plane extended π‐systems, in which the precisely designed monomer units are connected regularly with sp^2^ bonds, making it possible to control the morphology and the physical properties of the resulting products. Longitudinal infinite stacking of π‐conjugated molecules is often seen in crystals of molecular conductors[10](#chem202001365-bib-0010){ref-type="ref"}, [11](#chem202001365-bib-0011){ref-type="ref"}, [12](#chem202001365-bib-0012){ref-type="ref"}, [13](#chem202001365-bib-0013){ref-type="ref"} and polymeric chains in which phthalocyanine (Pc) and/or porphyrin (Por) ligands are connected by siloxanes,[14](#chem202001365-bib-0014){ref-type="ref"} ligand--metal coordination bonds,[15](#chem202001365-bib-0015){ref-type="ref"} weak intermolecular interactions[16](#chem202001365-bib-0016){ref-type="ref"} and so on. In addition to infinite stacks, the development of Pc and Por chemistry has enabled the construction of stable oligomeric molecules with stacked π‐systems.[17](#chem202001365-bib-0017){ref-type="ref"}, [18](#chem202001365-bib-0018){ref-type="ref"}

A series of phthalocyaninato‐lanthanide‐cadmium multiple‐decker complexes[19](#chem202001365-bib-0019){ref-type="ref"}, [20](#chem202001365-bib-0020){ref-type="ref"}, [21](#chem202001365-bib-0021){ref-type="ref"} is a rare example of such oligomers (Figure [1](#chem202001365-fig-0001){ref-type="fig"}). Lanthanoid‐phthalocyaninato double‐ and triple‐decker complexes were first prepared by Kirin et al. in 1965[22](#chem202001365-bib-0022){ref-type="ref"} and in 1967,[23](#chem202001365-bib-0023){ref-type="ref"}, [24](#chem202001365-bib-0024){ref-type="ref"} respectively, and were followed by the synthesis of their porphyrinato analogues reported by Buchler et al.[25](#chem202001365-bib-0025){ref-type="ref"} The first discrete phthalocyaninato quadruple‐decker complex, in which two Lu^III^‐Pc double‐decker complexes are glued by Cd^II^ ions, resulting in the tetrameric Pc stack connected by Lu‐Cd‐Lu metal array, was reported by Fukuda et al. in 2011.[26](#chem202001365-bib-0026){ref-type="ref"} Jiang et al. has further extended this strategy and reported quintuple‐ and sextuple‐decker complexes in a short period of time.[20](#chem202001365-bib-0020){ref-type="ref"}, [21](#chem202001365-bib-0021){ref-type="ref"}

![Schematic representation of structures and naming convention of the phthalocyaninato multiple‐decker complexes in this work. obPc ligands can be distinguished as either inner (obPc^i^ and, for the central ligand in **\[5\]**, obPc^ii^) and outer (obPc^o^). The chemical group annotations used for the solution NMR analysis are also summarized.](CHEM-26-8621-g001){#chem202001365-fig-0001}

Among multiple‐decker complexes, double‐decker complexes are the most thoroughly studied, and several versatile functionalities related to future applications have been reported. For instance, redox induced structural changes of Por double‐decker complexes have been utilized for rotating units of various molecular machines.[27](#chem202001365-bib-0027){ref-type="ref"}, [28](#chem202001365-bib-0028){ref-type="ref"}, [29](#chem202001365-bib-0029){ref-type="ref"}, [30](#chem202001365-bib-0030){ref-type="ref"} More recently, Yamashita et al. have observed structural changes in Por double‐decker complexes induced by ligand oxidation using single‐crystal X‐ray (SXRD) measurements and have shown that ligand oxidation induces axial compression, which has been supported by theoretical calculations.[31](#chem202001365-bib-0031){ref-type="ref"} Moreover, the axial compression in Pc double‐decker complexes induced by oxidation has been investigated by using solution NMR spectroscopy.[32](#chem202001365-bib-0032){ref-type="ref"} The conformational changes, especially ligand rotation, in double‐decker complexes have been directly observed[33](#chem202001365-bib-0033){ref-type="ref"}, [34](#chem202001365-bib-0034){ref-type="ref"} and controlled using a scanning electron microscope (STM) and scanning electron spectroscopy (STS). In other words, bits of single‐molecule memory using double‐decker complexes has been achieved.[35](#chem202001365-bib-0035){ref-type="ref"} Moreover, double‐decker complexes with Tb^III^ ions are outstanding SMMs[36](#chem202001365-bib-0036){ref-type="ref"} and have been used in spintronic devices, wherein the interactions between the spins of Tb^III^ ions, conductive electrons and phonons of nanocarbon materials are utilized.[37](#chem202001365-bib-0037){ref-type="ref"}, [38](#chem202001365-bib-0038){ref-type="ref"} Ishikawa et al. have reported a significant enhancement of the SMM properties of the Tb^III^‐phthalocyaninato double‐decker complexes via the axial compression induced by the ligand oxidation.[39](#chem202001365-bib-0039){ref-type="ref"}, [40](#chem202001365-bib-0040){ref-type="ref"}, [41](#chem202001365-bib-0041){ref-type="ref"} In comparison with double‐decker complexes, the redox, structural and magnetic properties of the other multiple‐decker complexes have not been investigated as extensively presumably because they have short histories and low‐profiles, are difficult to synthesize and purify and have low crystallinity. However, the more extended π‐systems, as compared with double‐decker complexes, are promising for bringing about valuable and unprecedented functionalities. For instance, Fukuda et al. have reported that the oxidized form of the quadruple‐decker complex absorbs light in the longer wavelength regions, which is useful for light‐harvesting materials in dye‐sensitized solar cells.[42](#chem202001365-bib-0042){ref-type="ref"} In addition, non‐linear optical properties of multiple‐decker complexes have been investigated by Jiang et al.[21](#chem202001365-bib-0021){ref-type="ref"} From the point of view of molecular magnetism, various groups have utilized the multiple‐decker complexes with two Tb^III^ and Dy^III^ centers for analyzing the effects of intramolecular magnetic interactions which affect the SMM properties.[26](#chem202001365-bib-0026){ref-type="ref"}, [43](#chem202001365-bib-0043){ref-type="ref"}, [44](#chem202001365-bib-0044){ref-type="ref"}, [45](#chem202001365-bib-0045){ref-type="ref"}, [46](#chem202001365-bib-0046){ref-type="ref"}

Herein we present an extensive study of oxidized π‐extended multiple‐decker oligomers, which were obtained through electrochemical and chemical oxidation reactions, utilizing single crystal X‐ray diffraction (SCXRD), ESR, NMR, magnetic measurements and theoretical calculations. By using bulk electrolysis and UV/Vis/NIR measurements, we isolated and characterized the charged states of multiple‐decker complexes. For concise naming, we use the number of 2,3,9,10,16,17,23,24‐octabutoxy phthalocyaninato (obPc) ligands contained in the complex as **\[*n*\]**, i.e., double‐ **\[2\]**, triple **\[3\]**, quadruple‐ **\[4\]** and quintuple‐decker **\[5\]** complexes, and the charge of the complex (m) is expressed as **\[*n*\]^m+^**, e.g., +2*e* charged triple‐decker complex is named **\[3\]^2+^**. From the crystal structures of **\[3\]^2+^**, **\[4\]^2+^**, **\[4\]^4+^** and **\[5\]^4+^**, it was shown that both molecular and packing structures were controlled by the size of the molecules and the numbers of counter ions. In addition, unusual coexistence of square prism (SP) and square antiprism (SAP) geometries were observed in +4*e* charged species. Paramagnetic NMR analysis was used to characterize the structures and magnetic properties of the oxidized complexes in solution, and we showed that magnetic anisotropy decreased with an increase in the charges on the obPc ligands. Furthermore, although **\[4\]^2+^** and **\[5\]^2+^** have even positive charges, the existence of π‐radicals was proven by NMR and ESR spectroscopies and supported by DFT calculations. In addition, we report the magnetic properties of the multiple‐decker complexes which are shown to be influenced by the structural changes induced by oxidation of the ligand.

Results and Discussion {#chem202001365-sec-0002}
======================

Isolation and characterization of oxidized multiple‐decker complexes {#chem202001365-sec-0003}
--------------------------------------------------------------------

The multiple‐decker complexes were stepwise oxidized by using cyclic voltammetry and chemical methods using phenoxathiin hexachloroantimonate (Ox⋅SbCl~6~). UV/Vis/NIR spectroelectrochemistry was used to follow the oxidations. In the spectra of the oxidized species presented in this article, isosbestic points were observed (Figure [2](#chem202001365-fig-0002){ref-type="fig"} d), indicating that the oxidized complexes are stable. The redox potentials became narrower (Figure [2](#chem202001365-fig-0002){ref-type="fig"} b), and the number of stable oxidized species increased when the number of obPc ligands was increased because the π‐system extension decreased the electronic repulsion between the positively charged holes. Since Tb^III^ and Cd^II^ ions do not participate in the redox reactions, the oxidation reactions occurred in the extended ligand π‐system. The delocalization of holes is expected due to the highly delocalized molecular orbitals (Figure [2](#chem202001365-fig-0002){ref-type="fig"} c). The agreement between the calculated oscillator strengths and absorption spectra support the validity of our calculations. The HOMO of the neutral species (Figure [2](#chem202001365-fig-0002){ref-type="fig"} c) has nodes between the obPc ligands, indicating that ligand oxidation (i.e., removal of electrons from the HOMO) results in a decrease in the interligand distances. DFT optimized structures (Figures S246, S254, and S265) and crystal structures of oxidized species followed this trend as discussed later.

![(a) Cyclic voltammograms,[44](#chem202001365-bib-0044){ref-type="ref"} (b) redox potentials, (c) HOMO (isovalue=0.01) of neutral species and (d) electrochemical UV/Vis/NIR spectra and oscillator strength (black bars) for multiple‐decker complexes.](CHEM-26-8621-g002){#chem202001365-fig-0002}

X‐ray structural analysis {#chem202001365-sec-0004}
-------------------------

We obtained new crystal structures of **\[3\]^2+^**, **\[4\]^2+^**, **\[4\]^4+^** and **\[5\]^4+^**, the crystals of which were grown by using chemical oxidations and a solvent diffusion method (see Supporting Information). The X‐ray structures, including the previously reported structures of the neutral species (**\[3\]^0^**, **\[4\]^0^** and **\[5\]^0^**)[43](#chem202001365-bib-0043){ref-type="ref"}, [44](#chem202001365-bib-0044){ref-type="ref"}, [47](#chem202001365-bib-0047){ref-type="ref"} are shown in Figures [3](#chem202001365-fig-0003){ref-type="fig"} a--c.[48](#chem202001365-bib-0048){ref-type="ref"} The molecular length (*d*), stacking angle between the obPc ligands (*θ* ~obPc~) sandwiching the Tb^III^ ions, and the Tb^III^ to neighboring metal ion distance (*R* ~Tb--M~: M=Tb, Cd) from X‐ray and DFT optimized structures are summarized in Figure [3](#chem202001365-fig-0003){ref-type="fig"} d. In **\[3\]^0^** and **\[3\]^2+^**, the two Tb^III^ ions are crystallographically equivalent and are connected by an inversion center (Figure [3](#chem202001365-fig-0003){ref-type="fig"} a). In **\[3\]^0^**, *d*, *R* ~Tb--Tb~ and *θ* ~obPc~ were determined to be 6.095 Å, 3.517 Å and 31.77°, respectively. Oxidation to **\[3\]^2+^**, which corresponds to the removal of two electrons from the antibonding HOMO of **\[3\]^0^** (Figure [2](#chem202001365-fig-0002){ref-type="fig"} c), causes *d* and *R* ~Tb--Tb~ (5.959 Å and 3.435 Å, respectively) to shorten, resulting in a square antiprism (SAP) geometry with a wide *θ* ~obPc~ (42.21°) in order to avoid steric repulsion between the phenyl rings of the obPc ligands. Due to the large interligand steric effects induced by longitudinal compression, the outer obPcs (obPc^o^) of **\[3\]^2+^** had bowl‐shaped distortions. The distortion and changes in the geometrical parameters (*θ* ~obPc~, *d* and *R* ~Tb--Tb~) are similar to those predicted from geometry optimization, as is summarized in Figure [3](#chem202001365-fig-0003){ref-type="fig"} d.

![Crystal structures of (a) **\[3\]**, (b) **\[4\]** and (c) **\[5\]**. The *n*‐butoxy chains were omitted for clarity. (d) Charge dependence of the molecular length *d*, Tb‐metal ion (Tb or Cd) distances *R* ~Tb‐M~ and stacking angle around metal ions *θ* ~obPc~. (e) Packing structures of multiple‐decker complexes. Red, green and blue parts represent multiple‐decker units, counter anions (SbCl~6~) and solvent molecules, respectively.](CHEM-26-8621-g003){#chem202001365-fig-0003}

In the case of series **\[4\]**, the space groups of **\[4\]^2+^** and **\[4\]^4+^** were determined to be *P*4/*ncc* and *P*4/*n*, respectively, and there are four‐fold axes along the Tb‐Cd‐Tb axes (*c*‐axes). Since the positional disorder in two obPcs of **\[4\]^4+^** gave identical geometries in each disordered state, we only show one representative geometry on the right side of Figure [3](#chem202001365-fig-0003){ref-type="fig"} b. Similar to the other multiple‐decker series, in **\[4\]**, the obPc^o^ ligands have bowl‐shaped distortions induced by oxidation. In series **\[4\]**, although the two Tb^III^ ions are crystallographically inequivalent, the *θ* ~obPc~ values of Tb1 and Tb2 (left side of Figure [3](#chem202001365-fig-0003){ref-type="fig"} b) of **\[4\]^0^** are similar to each other (22.32° and 23.65°). In **\[4\]^2+^**, *θ* ~obPc~ of Tb1 and Tb2 are 42.28°and 38.72°, respectively. The differences in *θ* ~obPc~ are greater in **\[4\]^4+^**, in which there are two *θ* ~obPc~ (44.94° for Tb1 and 16.43° for Tb2). In other words, SAP and square‐prism (SP) geometries are present in one **\[4\]^4+^** unit. Since there are a small number of peaks in the ^1^H NMR spectra of **\[4\]^4+^** dissolved in CD~2~Cl~2~ due to its symmetric structure, the asymmetric crystal structure of **\[4\]^4+^** seems to be induced by steric effects from the solvent molecules and SbCl~6~ ^−^ incorporated into the crystal. The geometry optimization for **\[4\]^4+^**, by which the structure in the gas phase can be estimated, afforded the symmetric structure, further supporting the importance of intermolecular forces in the crystals to stabilize the asymmetric conformation observed by using SCXRD. We determined a preliminary crystal structure of **\[4\]^4+^** crystalized from toluene, showing that the geometry of **\[4\]^4+^** is independent of the conditions (SAP and SP geometries coexist as shown in Figure S310). Moreover, the SP conformations are stabilized by toluene molecules incorporated into the grooves of the obPc ligands.

In case of the structure of **\[5\]** ^4+^, the obPc^o^ ligands of **\[5\]^4+^** show bowl‐shaped distortions due to longitudinal compression effects induced by the oxidation in contrast to the wave‐like distortions in **\[5\]^0^**. Although the Tb^III^ ions in **\[5\]^0^** are crystallographically equivalent with each other, those in **\[5\]^4+^** had different geometries, one of which was SAP and the other was SP. Moreover, the solvent molecules (benzene) located in the grooves formed by the ligands stabilize the SP geometry. Stacking of alternating **\[5\]^4+^** and a disordered SbCl~6~ ^−^ generates 1D column packing along the *c*‐axis (Figure [3](#chem202001365-fig-0003){ref-type="fig"} e). At the same time, we determined the structure of **\[5\]^4+^** containing toluene molecules obtained by slow diffusion using CH~2~Cl~2~ and toluene (Figures S302 and S303). Units of **\[5\]** with SAP and SP geometries are aligned into 1D column packing along the *c*‐axis. Furthermore, the SP geometry is stabilized by toluene molecules incorporated to the groove of SP geometries (right side of Figure [3](#chem202001365-fig-0003){ref-type="fig"} c). In other words, aromatic solvent molecules cause the coexistence of SAP and SP geometries in one multiple‐decker unit. In all cases, the oxidation reactions resulted in compressions along the *C* ~4~ axes, followed by decreases in the steric hindrance due to bowl‐shaped distortions of the obPc^o^ ligands. The *θ* ~obPc~ values increase when the complexes are oxidized from neutral (*θ* ~obPc~=22°--32°) to 2+ (*θ* ~obPc~=38°--44°) because the wider *θ* ~obPc~ decreases the steric hindrance between the cofacial ligands. In the cases of **\[4\]^4+^** and **\[5\]^4+^**, there are two different Tb^III^ ions per molecular unit with *θ* ~obPc~≈45° (SAP) and 0° (SP). Although the SP arrangement is unfavorable from the viewpoint of steric hindrance, aromatic solvent (benzene) molecules in the crystal packing of **\[5\]^4+^** stabilizes it. The structure of **\[4\]^4+^** with a narrow *θ* ~obPc~ crystallized from toluene was also stabilized (Figure S305), indicating that both SAP and SP geometries generally occur in the crystal packing of highly oxidized species. Not only the molecular structures but also the crystal packings are controlled by oxidation. As shown in Figure [3](#chem202001365-fig-0003){ref-type="fig"} e, the neutral species were packed in slipped column arrangements because of intermolecular π--π stacking. Moreover, **\[3\]^2+^** was packed in a slipped column arrangement because of its shorter *d*, which does not prevent the formation of π--π stacking. However, the oxidized forms of **\[4\]** and **\[5\]** were packed in 1D columns along the *c*‐axis because of their larger dimensions along the *z*‐axis and the bowl‐shaped distortion of the obPc^o^, both of which prevent the formation of intermolecular π--π stacks.

Solution NMR measurements {#chem202001365-sec-0005}
-------------------------

Solution NMR is a useful tool to determine the molecular structures and magnetic properties of lanthanoid complexes.[49](#chem202001365-bib-0049){ref-type="ref"}, [50](#chem202001365-bib-0050){ref-type="ref"} The chemical shift of an NMR active nucleus in a paramagnetic complex can be expressed as the sum of the orbital term (*δ* ~orb~) and hyperfine term (*δ* ~HF~). *δ* ~HF~ is mainly composed of the Fermi contact (*δ* ~FC~) and pseudocontact (*δ* ~PC~) shifts, as shown in Eq. [(1)](#chem202001365-disp-0001){ref-type="disp-formula"}:[51](#chem202001365-bib-0051){ref-type="ref"}, [52](#chem202001365-bib-0052){ref-type="ref"} $$\delta_{obs} = \delta_{orb} + \delta_{HF} = \delta_{orb} + \delta_{FC} + \delta_{PC}$$

*δ* ~FC~ involves the interactions between the electron spin on the nucleus and the nuclear spin, whereas *δ* ~PC~ originates from the through‐space magnetic dipole--dipole interactions between the electron magnetic moment and the nuclear magnetic moment.[53](#chem202001365-bib-0053){ref-type="ref"} Both metal ions and ligand‐centered π‐radicals can contribute to *δ* ~HF~. In lanthanoid complexes, *δ* ~PC~ due to the metal ion is the dominant term when the anisotropy is high. The Tb^III^ ions in the present complexes are affected by the ligand field of the obPc ligands, and therefore, the Tb^III^ ions have strong axial magnetic anisotropies with the magnetic easy axes lying along the *C~4~* axes of the multiple‐decker complexes.[54](#chem202001365-bib-0054){ref-type="ref"} In this case, the*δ* ~PC~ due to the metal ion (*δ* ~MPC~)[49](#chem202001365-bib-0049){ref-type="ref"} is the dominant term and can be expressed as \[Eq. [(2)](#chem202001365-disp-0002){ref-type="disp-formula"}\]:$$\delta_{MPC} = \frac{\chi_{ax}}{12\pi r^{3}}\left( 3\cos^{2}\theta - 1 \right)$$

in which *χ* ~ax~ is the axial component of the magnetic susceptibility of the lanthanoid center, *r* is the norm of the vector (*r*) connecting the lanthanoid center and the nucleus, *θ* is the angle between the magnetic easy axis and the *r* (Figure S29). Previously, we have concluded that the decrease in the molecular length (*d*) and the increase in *χ* ~ax~ value contribute to the larger *δ* ~MPC~ induced by ligand oxidation in Tb^III^‐phthalocyaninato double‐decker complexes (**\[2\]**).[32](#chem202001365-bib-0032){ref-type="ref"} Moreover, the increases in the magnetic anisotropy via ligand oxidation are supported by the ac magnetic properties of the cationic double‐decker complexes in the solid state reported by Ishikawa et al.[39](#chem202001365-bib-0039){ref-type="ref"}, [40](#chem202001365-bib-0040){ref-type="ref"}, [41](#chem202001365-bib-0041){ref-type="ref"} However, in contrast to *δ* ~MPC~ for **\[2\]**, that for the series of complexes **\[3\]**--**\[5\]** in the present research did not increase simply with an increase in the oxidation state of the ligand.

The ^1^H NMR signals were fully assigned using a combination of ^1^H NMR and ^1^H‐^1^H COSY spectra and an estimation of *δ* ~MPC~ using DFT optimized structures. As shown in Figure [4](#chem202001365-fig-0004){ref-type="fig"}, the ^1^H signals for CH~ar~ changed complicatedly upon oxidation. In contrast, the paramagnetic shift of most of the signals for CH~2~α, CH~2~β, CH~2~γ and CH~3~ decreased with an increase in the oxidation number, which is indicative of a decrease in *c* ~ax~.*δ* ~obs~ for the CH~ar~ protons heavily depended on the ligand contribution to *δ* ~FC~ (*δ* ~LFC~) because these protons were close to the π‐radicals. Thus, the chemical shift of CH~ar~ (*δ* ~obs~ ^ar^) is simplified as the sum of *δ* ~MPC~, *δ* ~LFC~ and less charge dependent *δ* ~orb~, as shown below. \[Eq. [(3)](#chem202001365-disp-0003){ref-type="disp-formula"}\]$$\delta_{obs}^{ar} \approx \delta_{orb} + \delta_{MPC} + \delta_{LFC}$$

![^1^H NMR spectra for oxidized and neutral species of (a) **\[3\]**, (b) **\[4\]** and (c) **\[5\]** with the assignment of the signals at 295.0 K.](CHEM-26-8621-g004){#chem202001365-fig-0004}

*δ* ~LFC~ for CH~ar~ was estimated using the spin densities at measured nuclei obtained from DFT calculations.[32](#chem202001365-bib-0032){ref-type="ref"} The spin densities on the CH~ar~ of obPc^o^ tend to be high compared to those of obPc^i^, and thus, the magnitude relation of *δ* ~obs~ ^ar^ for CH~ar~ ^o^ and CH~ar~ ^i^ changes upon oxidation of the ligand, as seen in the ^1^H NMR spectra of **\[4\]** and **\[5\]** beyond −55 ppm. In contrast to CH~ar~, the protons of the butoxy chains are less affected by the π‐radicals and charges on the ligands because these protons are far from the π‐plane, making it possible to treat *δ* ~FC~ as being zero.[32](#chem202001365-bib-0032){ref-type="ref"} Using the equation above and the DFT‐optimized structures of the oxidized complexes to which *n*‐butoxy chains were added (Figure S247, S255 and S266), the *χ* ~ax~ values were determined by least‐squares fitting as to minimize the difference in the observed and expected chemical shifts (*δ* ~obs~ and *δ* ~calcd~, respectively). The *χ* ~ax~ values of the multiple‐decker complexes are shown in Figure [5](#chem202001365-fig-0005){ref-type="fig"} b. Except the increase in the *χ* ~ax~ value upon oxidation from **\[3\]^2+^** to **\[3\]^3+^**, *χ* ~ax~ values of the multiple‐decker complexes decreased with an increasing the number of charges on the ligands, indicating that the magnetic anisotropy decreased due to changes induced by chemical oxidation. Another point to be mentioned is the paramagnetic shift for the CH~ar~ ^o^ protons in **\[4\]^2+^** and **\[5\]^2+^** (centre of Figure [5](#chem202001365-fig-0005){ref-type="fig"} a). Since they have even charges, the ligand π‐radical and resulting *δ* ~LFC~ are expected to be absent, and only *δ* ~MPC~ is the source of the paramagnetic shift. However, the observed chemical shifts for adding *δ* ~LFC~ obtained from DFT calculations for triplet states of **\[4\]^2+^** and **\[5\]^2+^** to *d* ~obs~ ^ar^, affording shifts of −102.9 ppm and −105.9 ppm for **\[4\]^2+^** and **\[5\]^2+^**, respectively, which are close to the experimental values. The remaining differences of about −10 ppm are due to the contribution of singlet states and the pseudocontact shift contributions of the organic radicals, as has been shown by more elaborate analysis.[54](#chem202001365-bib-0054){ref-type="ref"}, [55](#chem202001365-bib-0055){ref-type="ref"}

![(a) Relationship between the *δ* ~obs~ and *δ* ~calcd~, expressed with the agreement factor written under the abbreviation of the complex (with consideration of singlet and triplet states, where appropriate). Numbers are agreement factors (*AF*s) using *AF*=1--\[Σ(*δ* ~calcd~--*δ* ~obs~)^2^/*δ* ~obs~ ^2^\]^1/2^. (b) *χ* ~ax~ values for the series **\[3\]**, **\[4\]** and **\[5\]** derived from ^1^H NMR analysis at 295 K.](CHEM-26-8621-g005){#chem202001365-fig-0005}

Biradical properties of \[4\]^2+^ and \[5\]^2+^ {#chem202001365-sec-0006}
-----------------------------------------------

From the NMR analysis, in **\[4\]^2+^** and **\[5\]^2+^**, the π‐radicals are on the ligands, especially on obPc^o^. However, the relatively sharp ^1^H NMR signals in the spectra of **\[4\]^2+^** and **\[5\]^2+^** compared to those of other radical complexes indicates that there are contributions from singlet (π‐radical silent) states as well. To support the presence of π‐radicals, we performed electron spin resonance (ESR) spectroscopy on Y(III) analogues of the oxidized complexes, which were prepared via bulk electrolysis in CH~2~Cl~2~ and characterized by comparing their absorption spectra with those of Tb^III^ complexes (Figure S319). Although Y(III) analogues of **\[4\]^2+^** and **\[5\]^2+^** have even charges, these complexes are ESR active at room temperature, and their *g*‐values are close to 2, which is common for organic radicals. After cooling to 80 K, in the ESR spectra of **\[4\]^2+^** and **\[5\]^2+^**, complicated signals, which were characteristic of a triplet biradical with an axial zero‐field splitting parameter *D*, were observed (Figure [6](#chem202001365-fig-0006){ref-type="fig"} b, S316, S317). The simulated \|*D*\| value for **\[4\]^2+^** (0.0032 cm^−1^) is slightly larger than that for **\[5\]^2+^** (0.0029 cm^−1^), indicating that **\[4\]^2+^** has stronger dipole‐dipole interactions between unpaired electrons than **\[5\]^2+^** does due to the smaller π‐extended system in the former compound. Focusing on the shape and energy of the molecular orbitals in the even‐charged complexes, HOMO--LUMO gaps (Δ*E* ~LUMO--HOMO~ as shown Figure [6](#chem202001365-fig-0006){ref-type="fig"} c) for **\[4\]^2+^** and **\[5\]^2+^** (0.20 and 0.14 eV, respectively) are considerably smaller than those for others (0.47 to 1.21 eV) because the HOMO and LUMO of **\[4\]^2+^** and **\[5\]^2+^** are non‐bonding orbitals whose shapes are similar with each other (S259, S270). The small Δ*E* ~LUMO--HOMO~ for **\[4\]^2+^** and **\[5\]^2+^** allows the electrons to occupy the LUMO with low energy, resulting in the formation of biradical states. To better understand the biradical states, we performed natural orbital (NO) analysis on antiferromagnetic (AFM) states using (U)B3LYP/6‐31G\*[56](#chem202001365-bib-0056){ref-type="ref"}, [57](#chem202001365-bib-0057){ref-type="ref"}, [58](#chem202001365-bib-0058){ref-type="ref"} with Stuttgart RSC 1997 ECP[59](#chem202001365-bib-0059){ref-type="ref"} for Y and Cd ions (see Supporting Information). The occupancies of the lowest unoccupied natural orbitals (LUNO) for the singlet states of **\[4\]^2+^** and **\[5\]^2+^** were 0.922 and 0.961, respectively. In addition, diradical character *y* values for **\[4\]^2+^** and **\[5\]^2+^** were 0.845 and 0.922, respectively, indicating that there are contributions from triplet ferromagnetic (FM) states. The calculated exchange interactions (*J* ~ex~) between the two *S=*1/2 spins of **\[4\]^2+^** and **\[5\]^2+^** were −34 cm^−1^ and −3 cm^−1^, respectively, the magnitudes of which are small enough for the triplet (ferromagnetic) states to be thermally accessible at liquid nitrogen temperatures. These results are consistent with the triplet biradical states observed using ESR measurements at 80 K.

![(a) Spin densities (isovalue=0.004) of triplet biradical species. (b) EPR spectra of Y(III) analogues at RT (experimental) and at 80 K (experimental and simulated). (c) Molecular orbital energies and HOMO--LUMO gaps of singlet species. (d) Comparison of *J* ~ex~ values between the dimer of double‐decker complexes connected by a phenyl linker and the double‐decker complexes connected by π--π stacking.](CHEM-26-8621-g006){#chem202001365-fig-0006}

So far, biradical compounds with Pc and Por have been synthesized by connecting two neutral double‐decker monoradical complexes.[54](#chem202001365-bib-0054){ref-type="ref"}, [60](#chem202001365-bib-0060){ref-type="ref"}, [61](#chem202001365-bib-0061){ref-type="ref"}, [62](#chem202001365-bib-0062){ref-type="ref"}, [63](#chem202001365-bib-0063){ref-type="ref"} Among them, a triplet biradical state has been reported for a K^+^ ion‐induced supramolecular tetramer composed of crown‐substituted double‐decker complexes, \[K~4~{Lu(CR~4~Pc)Pc}~2~\]^4+^, reported by Ishikawa et al., where the four phthalocyaninato ligands align along the *C~4~* axis to make a purely longitudinally extended π‐system.[61](#chem202001365-bib-0061){ref-type="ref"} From empirical calculations, \[K~4~{Lu(CR~4~Pc)Pc}~2~\]^4+^ has a small negative *J* ~ex~ value (−0.35 cm^−1^). In contrast, connecting the two double‐decker complexes via an in‐plane π‐extended ligand, such as fused‐phthalocyanine FPc[54](#chem202001365-bib-0054){ref-type="ref"} or fused‐porphyrin FPor,[62](#chem202001365-bib-0062){ref-type="ref"}, [63](#chem202001365-bib-0063){ref-type="ref"} results in the formation of a singlet biradical species showing strong antiferromagnetic interactions between *S=*1/2 spins (−207.4 cm^−1^ and −487 cm^−1^, respectively). Weak *J* ~ex~ values for **\[4\]^2+^** and **\[5\]^2+^** in the present study are similar to that for \[K~4~{Lu(CR~4~Pc)Pc}~2~\]^4+^. *J* ~ex~ tends to be weak when the biradicals occur in π--π stacks (Figure [6](#chem202001365-fig-0006){ref-type="fig"} d). These results clearly reflect the differences in orthogonality of interligand orbital overlap, which is retained in the longitudinally extended π‐system with wide interligand stacking angles *θ*.

Correlations between the magnetic anisotropy and the redox‐induced structural changes {#chem202001365-sec-0007}
-------------------------------------------------------------------------------------

From NMR analyses of the oxidized species, the magnetic anisotropy (*χ* ~ax~) on the Tb^III^ ion decreased upon oxidation. To determine the correlation between the structural deformation caused by ligand oxidation and the magnetic anisotropy, we performed point‐charge (PC) calculations. Although PC calculations are less accurate than ab initio methods are, its low computation cost makes it possible to estimate the ligand field (LF) splitting of the present lanthanoid complexes having large numbers of atoms and metal centers. Since Tb−N and Cd−N bonds have covalent character, the negative charges on the coordinating N atoms should extend in Tb(Cd)−N direction. Using PC calculations with the displacement parameters suggested by Baldoví et al.,[65](#chem202001365-bib-0065){ref-type="ref"} the effects of the covalent bonds between the phthalocyaninato ligands and metal ions can be considered. As is shown in Figures [7](#chem202001365-fig-0007){ref-type="fig"} a and S308, we constructed the structural models for the PC calculations on the bases of the DFT‐optimized structures of the oxidized complexes and the reported displacement parameters,[65](#chem202001365-bib-0065){ref-type="ref"} which shift the positions of the negative charge of the coordinated N atoms closer to the metal ions. Since the obPc^o^ ligand is tetradentate with a−2*e* charge, a−0.5*e* charge was assigned per coordinated N atom. In a similar manner, a−0.25*e* charge was assigned to each metal−N bond since each N atom of obPc^i^ coordinates to two metal ions. In addition, Cd^II^ ions and the Tb^III^ ions on the opposite side of were treated as +2*e* and +3*e* point charges, respectively. From PC calculations using these models, the ground states of the multiple‐decker complexes were composed of \|*J* ~z~\>=\|±6\> similar to the well‐studied phthalocyaninato Tb^III^ double‐decker complexes.[36](#chem202001365-bib-0036){ref-type="ref"} Moreover, the energy separation between the LF sublevels (magnitude of the LF splitting) successively decreased due to the structural deformation induced by oxidation (Figure [7](#chem202001365-fig-0007){ref-type="fig"} a), which consistent with the decrease in the *χ* ~ax~ values observed from NMR analysis. In addition, the LF splitting is enhanced by the structural changes upon oxidation from **\[3\]^2+^** to **\[3\]^3^** (Figure [5](#chem202001365-fig-0005){ref-type="fig"} b). These simple calculations indicate that the *χ* ~ax~ values obtained from the NMR measurements depend on the LF splitting of the Tb^III^ ions and are modulated by redox‐induced structural changes. In particular, the negative charges of three obPc ligands must be included to reproduce the increase in the LF splitting upon oxidation from **\[3\]^2+^** to **\[3\]^3+^**. The decrease in the LF splitting upon oxidation is more pronounced for **\[3\]** than it is for **\[4\]** and **\[5\]**. To further understand the behavior of the *χ* ~ax~ values and LF splitting, we conducted magnetic measurements on the oxidized species characterized by X‐ray analysis. Since the Tb^III^ ions have strong magnetic anisotropy (large *χ* ~ax~ value), the multiple‐decker complexes underwent slow magnetic relaxations characteristics of SMMs, as shown by the imaginary part of the ac magnetic susceptibility (*χ* ~M~'') vs. ac frequency (*ν*) plots (Figure [7](#chem202001365-fig-0007){ref-type="fig"} c). Among the studied complexes, *χ* ~M~'' of **\[3\]** clearly shifted toward the higher *ν* region as the oxidation state increased. In contrast, the peak top of *χ* ~M~'' for the other species are less dependent on their oxidation states. In other words, the magnetic relaxation time (*τ*) of **\[3\]** strongly correlates with the oxidation state. The activation energies for spin reversal (Δ*E*), which correspond to the energy difference between the highly anisotropic ground doublet \|±6\> and the first excited LF levels \|±5\>, were determined by fitting *τ* vs. *T* ^−1^ plots using Arrhenius equations (magnetic section in Supporting Information). In addition, ab initio calculations using the crystal structures around the Tb^III^ ions were performed to determine the LF splitting (Figure [7](#chem202001365-fig-0007){ref-type="fig"} b and the details of ab initio calculations in Supporting Information). We found that there was agreement between the experimental Δ*E* values (dotted lines in Figure [7](#chem202001365-fig-0007){ref-type="fig"} b) and theoretical LF splitting. In particular, the Δ*E* values for series **\[3\]** decreased as the complexes were oxidized from **\[3\]^0^** to **\[3\]^2+^**, the trend of which is consistent with the decrease in *χ* ~ax~ values obtained from NMR analyses and PC calculations. We think that the approach of the Tb^III^ ions (decrease in *R* ~Tb--M~ shown in Figure [3](#chem202001365-fig-0003){ref-type="fig"} d) via axial compressions induced by ligand oxidation decrease the effects of the negative charges on the inner ligands (obPc^i^), and therefore, the axial components of the LF parameters around the Tb^III^ ions decrease (Figure [7](#chem202001365-fig-0007){ref-type="fig"} d). In comparison to **\[3\]**, the other complexes with Cd^II^ ions do not show large changes in the ac magnetic properties and LF splitting upon ligand oxidation owing to the approach of the less positively charged Cd^II^ ion to the Tb^III^ ions.

![(a) Crystal field splitting and structural model of neutral species based on point‐charge calculations done on the DFT‐optimized structures. (b) Ligand field splitting of multiple‐decker complexes by CASSCF[64](#chem202001365-bib-0064){ref-type="ref"} calculations using the crystal coordination fragment around Tb^III^ ions. Two kinds of energy levels are shown in cases when crystallographically inequivalent Tb^III^ ions are present. Dotted lines represent experimental Δ*E* values estimated by ac magnetic susceptibility measurements in the presence of a dc bias magnetic field. (c) Selected ac magnetic susceptibilities at 10 K with a 2 kOe bias dc field. (d) Mechanism for the decrease in Δ*E* upon oxidation.](CHEM-26-8621-g007){#chem202001365-fig-0007}

Conclusions {#chem202001365-sec-0008}
===========

We showed the versatile electrochemical, magnetic and structural properties of highly oxidized multiple‐decker complexes. The ligand oxidation state and the magnetic properties of the lanthanoid center couple with each other due to structural deformations. Stepwise oxidation, possible in the present series of complexes, could lead to multistep molecular switches, which would be useful as molecular magnets and in molecular machines. Not only could the structural deformations and changes in magnetic properties be controlled, but also a strategy to synthesize new dicationic biradical species was discovered. Longitudinal extension of the π‐plane with electron donating groups and a two electron oxidation results in the exceptionally low HOMO--LUMO energy gaps and spin densities distributed mostly on the outer ligands. By extending the stacked π‐structure, the distance between the monoradical spin units increases, although they are connected by the π‐plane. We believe that the controlled loss of two electrons from π‐stacked molecular wires will lead to huge triplet biradical species, making these materials interesting both for their conductive and light‐harvesting properties.

Supporting Information contains details in magnetic properties, quantum chemical calculations, NMR and ESR analysis.
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